Several reports have suggested that the viable but non-culturable (VBNC) state is a resistant form of bacterial cells that allows them to remain in a dormant form in the environment. Nevertheless, studies on the resistance of VBNC bacterial cells to ecological factors are limited, mainly because techniques that allow this type of evaluation are lacking. Differential scanning calorimetry (DSC) has been used to study the thermal resistance of culturable bacteria but has never been used to study VBNC cells. In this work, the heat resistance of Escherichia coli cells in the VBNC state was studied using the DSC technique. The VBNC state was induced in E. coli ATCC 25922 by suspending bacterial cells in artificial sea water, followed by storage at 3 ± 2 • C for 110 days. Periodically, the behaviour of E. coli cells was monitored by plate counts, direct viable counts and DSC. The entire bacterial population entered the VBNC state after 110 days of storage. The results obtained with DSC suggest that the VBNC state does not confer thermal resistance to E. coli cells in the temperature range analysed here.
INTRODUCTION
The VBNC concept is used to denote a physiological state in which the cells of non-sporulating bacteria do not grow on routine culture media, but remain viable with some metabolic activity for long periods of time (Roszak and Colwell 1987; Chowdhury et al. 1995; Huq and Colwell 1996) . The VBNC state can be induced in bacterial cells as a result of stress caused by different ecological factors such as temperature, pH, salinity, osmotic pressure, starvation and antimicrobials (Ravel et al. 1995; Finn et al. 2013; Pasquaroli et al. 2013; Zhao, Bi and Hao 2013; Dolezalova and Lukes 2015) . A remarkable characteristic of pathogenic bacteria in the VBNC state is that they maintain their pathogenic potential. It has been reported that ∼60 species of foodborne and waterborne bacteria, such as Vibrio cholerae, V. vulnificus, Salmonella enteritidis, Shigella sonnei and S. flexneri, Escherichia coli O157:H7, Listeria monocytogenes, Yersinia enterocolitica, Aeromonas salmonicida and Legionella pneumoniae, can enter into a VBNC state (Li et al. 2014; Ayrapetyan and Oliver 2016) .
Despite all of the information published on the VBNC state that supports its existence, the nature of this state and its biological meaning continue to be questionable. One of the debatable subjects is whether cells in the VBNC state can remain in the natural environment. It has been suggested that the VBNC state is a resistant form that allows bacterial cells to remain in the environment. Several works have found that cells in the VBNC state can be resistant to ecological factors (Wong and Wang 2004; Nowakowska and Oliver 2013; Jiang and Trans Tech 2014) . However, in the majority of these publications, quantitative data are not included to show the acquired resistance, and thus objective evaluations of the importance of the VBNC state in bacterial survival cannot be performed. These studies of the resistance of cells in the VBNC state to ecological factors are limited because techniques or procedures that allow the evaluation of the resistance of these types of cells are lacking.
Differential scanning calorimetry (DSC) is a technique that has been used to study the effect of the high temperatures on the structures of culturable bacterial cells (Mackey et al. 1991; Kaletunç 2002a, b, 2005) . However, the DSC technique has not been used to evaluate the thermal resistance of cells in the VBNC state.
Precise knowledge of VBNC phenomena is essential to obtain a rational understanding of bacterial survival in the environment and in foods as well as to determine the consequences of these types of cells for public health.
In this work, the DSC technique was used to evaluate changes in the thermal properties of E. coli cells in the VBNC state.
MATERIALS AND METHODS

Bacteria strain
Escherichia coli ATCC 25 922 was used. It was streaked on trypticase soy agar (TSA) slants and maintained at 3
• C -5
• C with weekly transfers onto TSA.
Artificial sea water
Artificial sea water (ASW) was used in all studies. The ASW was prepared from commercial salts (Sigma-Aldrich, Toluca, Mexico) at a concentration of 3.7%. Six litres of ASW were prepared. The ASW was sterilised by autoclaving (121 • C for 15 min) and stored in the refrigerator (3 ± 5 • C) until use.
Microcosm preparation
Ten tubes with 50 mL of trypticase soy broth were inoculated with the E. coli strain and incubated at 35
• C for 18 h. The cultures were washed twice with an ISS by centrifuging at 3500 × g for 30 min, and the pellet was then resuspended in 5 mL of sterile ASW. Each tube was drained in a sterile glass bottle containing 900 mL of sterile ASW. The final concentration of E. coli in the bottle suspension was of ∼8 log CFU/mL. The bottle with the E. coli suspension was stored at 3
• C for 110 days. The microcosm was prepared in triplicate.
Cell monitoring to enter the VBNC state
From microcosm stored in refrigeration, E. coli counts on TSA were made periodically following the pour plate method. Briefly, ten millilitres of bacterial suspension from microcosm of E. coli was serially diluted in sterile peptone water (Bioxon), 2 mL aliquots of each dilution were transfer to Petri dishes and TSA (Bioxon) was poured into each inoculated dish; plates were incubated at 35
• C for 48-72 h. Additionally, cell viability was determined using the methodology proposed by Kogure, Simidu and Taga (1979) .
Calorimeter test
Samples obtained from the microcosm at days 0 and 110 were used to obtain aliquots of 35 mL (each one), which were placed in sterile plastic tubes. The tubes were washed twice with an ISS and centrifuged at 3500 × g for 20 min. After the last centrifugation, the ISS was poured off, and the cellular package or 'pellet' obtained was used for the DSC studies. Approximately 5 mg of pellet was placed in standard aluminium DSC pans. The thermal properties of the cultivable cells and VBNC cells were determined using a differential scanning calorimeter (DSC, 822e/400, Mettler-Toledo, Schwerzenbach, Switzerland). 
Statistical analysis
A completely random design was used, and significant differences (P < 0.05) were calculated using analysis of variance (Statistica 8, StatSoft, Inc., 2007) . A minimum of three replicates were performed per experiment.
RESULTS AND DISCUSSION
The Escherichia coli cells entered the VBNC state in sterile ASW at 3 ± 2
• C (Fig. 1) . The E. coli cells progressively lost their capacity to form colonies on culture media, but did not lose their viability. The majority of the bacterial population entered the VBNC state after 110 days. Remarkably, after 64 days of storage, at least 35% of the population did not grow on culture media even though the cells remained viable. In all cases, when non-culturable cells in the population were detected (<1 CFU/mL), between 80% and 90% of the cells population remained viable (Fig. 1) . We observed that when the E. coli cells entered the VBNC state, they showed a coccoid morphology. Bacteria entering the VBNC state have been reported to suffer morphological and physiological changes (Linder and Oliver 1989; Kondo, Takade and Amako 1994; Chaiyanan et al. 2007) . Vibrio cholerae undergoes a morphological sequence of changes during its entrance into the VBNC state that causes it to acquire a coccoid structure (Chowdhury et al. 1995) . Kondo, Takade and Amako (1994) observed that the size of V. cholerae cells in the VBNC state decreases by 2/3 in comparison with cultivable cells. Hazeleger and others (1995) , in studies conducted with Campylobacter jejuni, observed that the cells of this pathogen also decrease in size and acquire a coccoid morphology when they enter the VBNC state.
The thermograms obtained by DSC of E. coli on day zero are shown in Fig. 2A . Figure 2B shows the thermal response of E. coli after induction into the VBNC state at 3 ± 2
• C (110 days). Although the thermograms obtained in the present work (Fig. 2) do not show the five thermal events described by Lee and Kaletunç (2002a) , the results are similar because the first thermal event observed with E. coli corresponds to the three thermal events reported in the previous work in the temperature interval from 50
• C to 80
The main difference between E. coli cells in the VBNC state and E. coli cultivable cells (Fig. 2) is the definition of the first thermal event in the temperature interval of 50
• C to 85
• C in which the VBNC cells showed two partial peaks (Fig. 2B) . While in the E. coli cultivable cells the peaks are very well defined, in the E. coli cell in the VBNC state the peaks are smooth and just defined. Thermogram analysis is based on the study of the thermal events found in the cells of E. coli in a culturable state compared to those found in the cells in the VBNC state. The thermal parameters (T o ), (T p ) and (T f ) as well the H of the two thermal events or main peaks are shown in Table 1 . Statistically significant differences between the culturable cells and the cells in the VBNC state were observed; in general, the values of the phase transition temperatures of the bacteria in the VBNC state were diminished.
The peaks associated with the different thermal events in the E. coli cells in the VBNC state can be explained as follows. Peak 1 appears in the temperature interval from 53
• C to 82
• C, which we can associate with the denaturation of ribosomal elements; consequently, we hypothesise that when E. coli modifies its form from rods to cocci, a lower temperature may be required for this ribosomal. The second thermal event (peak 2) occurs in the range of 91
• C-95
• C, and at this temperature, DNA fusion is assumed to occur. However, the temperature at which this event occurs may be influenced by the surrounding cell material. This material experiences some changes in composition due to its conversion from a cultivable state to the VBNC state and the consequent reduction in its volume and change in cell shape. All of this would explain why the VBNC cells are stable because, even though the shape changes, the DNA concentration will remain the same regardless of the state of the E. coli cells.
Despite the large amount of scientific research recently published on the VBNC state, it has not been clearly demonstrated to confer protection to bacterial cells against unfavourable environmental conditions such as high temperature.
The DSC technique is widely used in several areas, including physics, chemistry and biology, and is a tool that can be used to examine the structure of materials as well as the changes that they undergo as a result of different treatments. Our results suggest that the DSC method is a tool that will allow investigation of the resistance of VBNC cells through thermal response analysis. The obtained results suggest that the VBNC state does not confer resistance to E. coli cells in the temperature range analysed here.
